Abstract-We evaluate the effects of mobility and reservations on new call blocking and handoff blocking in multirate wireless networks. The model evaluated uses Fixed Channel Assignment (FCA) with priority for handoffs over new call arrivals by reserving a number of channels for handoff calls in all the cells. The performance measures used are new call blocking and handoff drop probabilities. The methodology used is that of implied costs which we calculate from the the network net revenue which considers the revenue generated by accepting a new call into the network as well as the cost of a handoff drop in any cell. Simulation and numerical results are presented showing the accuracy of the model. We present numerical results showing the effect of reservations on call blocking probability. The implied cost analysis shows that mobility has a significant knock-on effect on the trafflc elsewhere in the network and we capture this effect through the net revenue which is sensitive t o the level of mobility. We calculate the sum revenue for a given network by maximizing the net revenue using implied costs in a gradient descent algorithm. This analysis indicates that in the case of multiple classes of traffic the call carrying capacity of the network is sensitive t o the choice of reservation parameters.
I. Introduction
Handoff blocking probability is an important criterion in the performance of wireless networks. Typically, on account of customer indignation, the rejection of a handoff is considered to be more undesirable than the rejection of new incoming calls. Essentially three methods are used for the admission of handoffs and new call arrivals. One treats handoff calls and new calls equally for occupancy of the channels, the second reserves channels in each cell to give priority to handoffs and the third sends handoffs to a queue if no channel is available. Performance evaluation algorithms for these strategies have been introduced, for example in [a] for the reservation strategy and the queueing strategy and in [6] for the reservation and no reservation strategy. The trade-offs between new calls and handoff calls are analyzed in [7] where a nonreservation strategy is analyzed for very low and very high mobility of customers. For a treatment of handoff issues and performance comparison of handoff strategies we refer to [5] and for the combination of handoff strategies and channel assignment we refer to [8] .
In general, the analysis techniques used for evaluating the performance of wireless networks require fixed point computations to obtain blocking probability and/or handoff drop probability. The use of fixed point computations and the consequent implicitness of the dependence of the blocking probability or the handoff drop probability on the entire network traffic obscure the effects of variables such as exogenous inputs on the performance measures. In this paper we use the concept of implied cost [3] , [4] to evaluate these. We assume Fixed Channel Allocation (FCA), (i.e., every cell is assigned a fixed number of channels) with reservation to give priority to handoff calls.
Model for Multirate Wireless Net-
Consider an asymmetric cellular network with fixed channel assignment where is the set of cells and N , the total number of cells. Each cell i has Ci channels assigned to it. There are M classes of traffic which share the network resources. Let b, be the number of channels required by traffic of class m, m = 1 , 2 ,..., M , 0 < bl 5 bS 5 . . . 5 b M . The new call arrival process of class m to cell i is a Poisson process with mean Ai,m independent of other new call arrival processes. The time a call of class m remains in cell i, the dwell time, is a random variable with exponential distribution and mean l / p i , m and it is independent of earlier arrival times, call durations and elapsed times of other users. At the end of a dwell time a call may attempt a handoff to an adjacent cell, remain within the cell or leave the network. Let qij,, be the probability that a call of type m in progress in cell i after completing its dwell time goes to cell j, Le., there is a class m handoff from cell i to cell j, let qiT,, be the probability that a call of class m in progress in cell i after completing its dwell time terminates and abandons the network and let qii,m be the probability that a call of class m in progress in cell i after completing its dwell time remains within cell i. We consider that occupancy of the cells evolves according to an M-dimensional birth-death process independent of other cells. We note however that the transition probabilities of this process depend on the steady state probabilities of the other cells. Let pl(n) be the steady-state probability that cell i is in state n. From pz(n), the new call blocking probability for calls of class m in cell i, B,,,, and the handoff drop probability for calls of class m in cell i , Bhz,m, 
reQ:"
In [l] we show that the forced termination probability, B&, viz., the probability that a call of class m which originated in cell j is terminated due to a handoff failure during its lifetime can be calculated from these steady-state probabilities as well.
Implied Costs
Define the net revenue, W , as the revenue generated by the traffic which is carried successfully. This revenue consists of two components: the first one is the revenue, Aj,m (1 -Bj,,) wj,,, generated by accepting in each cell j a new call of class m and the second component, Aj , , (1 -Bj,,) c~, , B ; ,~~, takes into account the cost of a forced termination due to handoff failure of those new calls of class m that have been accepted in cell j. Here wj,, is the revenue generated by accepting a call of class m in cell j , and cj,m is the cost of a forced termination of a call of class,m due co a handoff failure. Hence the net revenue is
where p denotes the vector whose components are the steady-state probabilities for each state of all the cells. and A, the vector of new call arrival rates.
The revenue for cell i and traffic class m, wi,,, is proportional to b, and the average holding time of the calls of that class. The average holding time depends on the average number of handoffs the calls undergo before departure from the network and since every time a call is accepted in a cell its duration in that cell is the dwell time with mean l /~i ,~, the average holding time of a call will be given by the average sum of the dwell times that the call will undergo before its departure from the network. In order to reflect the greater loss of service caused by handoff blocking, ~i ,~ is chosen to be higher than Wi,, by a unit. We undertake a careful and extensive effort to obtain relations of total and partial derivatives of the new call and handoff blocking probabilities by differentiating the fixed point equations. In particular we calculate the total derivative of the net revenue function with d w ( B , B h h ? . ) . a respect to new call arrival rates, result of the analysis we are able to obtain rates of change between different performance measures, between resources in one part of the network and performance in another part, knock-on effects of a change in traffic or resource, all of which are very useful in the design and performance evaluation of these networks. 
IV. Numerical Results
This section presents numerical and simulation results for the model presented in previous sections. We verify the accuracy of the fixed point model, evaluate network revenue for various cases of load and mobility, present examples of how the implied costs can be incorporated into call pricing and obtain the sum revenue for a network with different parameters.
A. Blocking and Revenue Results
The calculations and simulations were done for the 10-cell network shown in Figure 1 with two classes of traffic. In the figures, T = [z,y] refers to the reservation of x channels for calls of class 1 and y channels for calls of class 2 in all the cells, and p = [x, y] refers to a dwell time of 1/11: for calls of class 1 and l / y for calls of class 2 in all the cells. The number of channels needed by each class of traffic are 61 = 1 and bl = 2.
The departure probabilities are QiT,1 = 0.8 and qiT,z = 0.85. These parameters are summarized in Table I . The parameters ~i j ,~ are chosen as where L is the total number of cells the call could move to including the current cell.
In the examples, the channel reservation parameters of the classes were varied and the performance evaluated in terms of the new call blocking probability, Bi,m, and the handoff drop probability, Bhi,m, of both classes. The figures shown were obtained by keeping the new call arrival for all the cells and both classes constant except for calls of class 1 in cell 1 since this is one of the cells with the most number of adjacent cells. The total new call arrival rate into a cell for both classes is 20% of the capacity of that cell.
Figures 2-4 contain graphs of comparison of the numerical results for new call blocking and handoff blocking with the simulations for different channel reservation parameters. In all cases it can be seen that simulation results are extremely close to the numerical results, thereby validating the fixed point model. It can be seen that for both classes of calls, the new call blocking for the case of no reservation performs better than the case with reservation (for handoff drop probability, when channels are reserved, the performance improves). This improvement is due to the priority given to handoffs by reserving channels in each cell. In the case where there is no reservation, Figure 2 , the new call blocking and the handoff drop probabilities are the same. Figure 5 shows the net revenue for the ten cell network for 50% load, i.e., the new call arrival rate is 50% of the capacity of that cell. The mobility was varied between low and high: low mobility is characterized by qiT,1 = 0.8 and qiT,2 = 0.85 and high mobility is characterized by qiT,l = 0.5 and qzT,2 = 0.55. It can be seen that due to the increase in traffic in the network, because users tend to have longer connection, times the blocking of new and handoff calls will increase and the net revenue will decrease. For the high mobility case, we have less revenue, than that with low mobility. However in the former case reservation can improve the revenue. This can be seen in the figure when we compare the net revenue of the no reservation
We can also see in the figure that for high mobility, the case of T = [2,2] will have better revenue than the no reservation case for class 1 new call arrivals above 6 calls per time unit. For the low mobility case, the case of no reservation results in the highest revenue.
In Figure 6 , we show the implied cost as a function of new call arrival rate of calls of class one into cell 1. It can be observed that implied cost is a measure of the rate of increase of the net revenue. The larger the implied cost the larger the rate of increase of revenue and the better the blocking level the network is experiencing. The figure also shows that reservation has to be chosen wisely depending on the implied cost obtained: if we have a small value of the implied cost, a connection establishment will be more expensive and it is not a good idea to accept more traffic of that class in that cell. It can be seen that, for high mobility and class 1 new call arrival above five calls per time unit, the implied cost of all the cases of reservation analyzed decrease below the T = [2,0] case, meaning that revenue for this reservation will be better than that of the other cases. In the low mobility case we can see that it will be better to use the reservation T = [1, 1 1 since it will represent an improvement in revenue.
B. Sum Revenue
Implied costs capture the effect of increases in new call arrivals in one cell on the entire network. As a result, they are useful in optimizing network-wide goals. Define the sum revenue as the maximum sum of new call arrival rates such that the new call blocking probability of each cell is less than or equal to some prespecified maximum blocking probability. The notion of sum revenue is similar to that of sum capacity for circuit switched networks. Sum capacity was introduced and calculated for adaptive routing schemes in [9] , and [lo] . where implied costs were used to solve a nonlinear constrained optimization algorithm. As an illustration of the use of implied costs in optimizing network-wide goals, we use them to calculate the sum revenue. To this end, we formulate a constrained nonlinear optimization problem with the objective function being the network net revenue and constraints being the new call blocking and handoff blocking probabilities. The independent variables are the new call arrival rates. Let q and y be vectors whose components represent themaximum new call and handoff blocking probabilities, respectively, for each cell and let 0 be the zero vector. Then the optimization problem is:
( 2) where I(.) is the indicator function. The solution for the above optimization problem gives the maximum revenue that the network can generate for a -given blocking probability vector. The optimization is achieved by using the impl.ied costs in a gradient descent algorithm that gives the direction in which the vector of new call arrival rates has to be varied to get the desired maximization.
In Figure 7 the sum revenue of the 10-cell network with two classes of customers is shown for several values of channel reservation parameters and for low mobility. The horizontal axis is the new call blocking of class 2 since this is the class with higher bandwidth requirement and its new call blocking is higher than the new call blocking probability of class 1 and the handoff drop probability of hoth classes. It can be seen that reservation parameters need to chosen carefully in the multirate case. It can a'lso be concluded that increasing the channel reservation for the class with less bandwidth requirement imFsroves the sum revenue, whereas increasing it for the other class will degrade the performance.
V. Conclusions
We described the calculation of implied costs with respect to the new call arrival rates for wirelesr: networks with multiple classes of customers, and show their use for evaluating trade-offs between new call blocking and handoff blocking, and between low mobility and high mobility traffic. Comparison clf the sum revenue indicates that the optimization using implied costs results in a significant improvement. This provides evidence that matching capacity distribution to exogenous traffic and mobility can result in significant benefits to the network. The sum revenue in the case of multiple classes of traffic indicates the need for careful choice of reservation parameters. Hong [8] . T= [l,l] . 
